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Abstract: Pansharpening algorithms fuse higher spatial resolution panchromatic with lower
spatial resolution multispectral imagery to create higher spatial resolution multispectral images.
The free-availability and systematic global acquisition of Landsat 8 data indicate an expected need
for global coverage and so computationally efficient Landsat 8 pansharpening. This study adapts and
evaluates the established, and relatively computationally inexpensive, Brovey and context adaptive
Gram Schmidt component substitution (CS) pansharpening methods for application to the Landsat 8
15 m panchromatic and 30 m red, green, blue, and near-infrared bands. The intensity images used by
these CS pansharpening methods are derived as a weighted linear combination of the multispectral
bands in three different ways using band spectral weights set (i) equally as the reciprocal of the
number of bands; (ii) using fixed Landsat 8 spectral response function based (SRFB) weights derived
considering laboratory spectra; and (iii) using image specific spectral weights derived by regression
between the multispectral and the degraded panchromatic bands. The spatial and spectral distortion
and computational cost of the different methods are assessed using Landsat 8 test images acquired
over agricultural scenes in South Dakota, China, and India. The results of this study indicate that, for
global Landsat 8 application, the context adaptive Gram Schmidt pansharpening with an intensity
image defined using the SRFB spectral weights is appropriate. The context adaptive Gram Schmidt
pansharpened results had lower distortion than the Brovey results and the least distortion was
found using intensity images derived using the SRFB and image specific spectral weights but the
computational cost using the image specific weights was greater than the using the SRFB weights.
Recommendations for large area Landsat 8 pansharpening application are described briefly and the
SRFB spectral weights are provided so users may implement computationally inexpensive Landsat 8
pansharpening themselves.
Keywords: Landsat 8; pansharpening; spectral response function; panchromatic
1. Introduction
Moderate to very high spatial resolution satellite remote sensing systems typically include
multi-spectral bands, designed primarily for surface classification applications, and a higher spatial but
lower spectral resolution panchromatic band designed for positioning and mensuration applications.
If the panchromatic band is spectrally overlapping with several of the multi-spectral bands then
the multi-spectral bands may be pansharpened to provide a panchromatic spatial resolution
equivalent [1–4]. Some studies have also considered pansharpening multi-spectral bands that do
not overlap spectrally with the panchromatic band [5,6]. Ideally, pansharpening is undertaken in
a way that introduces minimal spatial and spectral distortion into the pansharpened data. There is no
Remote Sens. 2016, 8, 180; doi:10.3390/rs8030180 www.mdpi.com/journal/remotesensing
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consensus pansharpening technique, primarily because spectral and spatial distortions are dependent
on the heterogeneity of the sensed surface features and on the sensor characteristics and because of
among sensor differences.
The free-availability and systematic global acquisition of Landsat data [7,8] combined with
increases in computational and data storage capabilities mean that it is now feasible to process
large-area, long-term, large volume Landsat data sets [9–11]. For example, global coverage, monthly
and annual Web Enabled Landsat data (WELD) 30 m monthly and annual composited mosaics
have been processed and are now freely available (http://globalweld.cr.usgs.gov/collections/).
Pansharpened data are frequently used for internet based visualization and mapping [12] and recently
pansharpened Landsat 7 Enhanced Thematic Mapper Plus (ETM+) were used to produce a global
coverage 14.25 m water body database [13]. Global coverage pansharpened Landsat data should be
derived using computationally efficient pansharpening algorithms given the considerable Landsat
data volume. As of January 2015, there were more than 5.5 million Landsat images stored in the U.S.
archive with an additional 2.3 million historical images held by other agencies that will be added [8].
The Landsat 8 satellite continues the 40+ year Landsat data record [14]. The Landsat 8 Operational
Land Imager (OLI) has improved calibration, signal to noise characteristics, higher 12-bit radiometric
resolution and more precise geometry compared to previous Landsat reflective wavelength sensors,
and the 15 m panchromatic band covers only the visible wavelengths to provide improved contrast
between vegetated and bare surfaces [15]. In this study, we seek to develop a computationally efficient
Landsat 8 OLI pansharpening algorithm suitable for very large OLI data application that can be used
to pansharpen the 30 m red, green, blue, and near-infrared OLI bands.
Pansharpening methods may be classified into component substitution, multi-resolution analysis,
and model-based methods [16–19]. Component substitution (CS) methods are considered in this
paper as they are computationally efficient and perform similarly to other methods [6,20–22].
CS pansharpening methods are implemented in several steps to derive:
(i) a band intensity image at the multispectral band resolution, typically as a weighted linear
combination of the multispectral band values;
(ii) a pan spatial resolution spatial detail image by subtracting the intensity image from the
panchromatic band;
(iii) a pan spatial resolution modulated spatial detail image for each multispectral band as the product
of the pan spatial detail image and a locally adaptive, or fixed, scalar modulation coefficient;
(iv) for each multispectral band a pansharpened equivalent by adding the multispectral band to the
band’s modulated spatial detail image.
In this study the well established Brovey [23] and context adaptive Gram Schmidt [18]
pansharpening methods, that have been shown to introduce less spatial and spectral distortion than
other CS methods, and that are computationally relatively inexpensive, are considered. A novel OLI
intensity image derivation method (step (i) above) based on the OLI band spectral response functions
and laboratory spectra is examined along with more conventional intensity derivation approaches.
The Landsat 8 satellite OLI sensor data and the spectral measurements used to test and develop
the pansharpening methods are first described. Then the process to derive a single band intensity
image as a linear function of the Landsat red, green and blue band spectral weights, and also as
a function of only the red and green Landsat band spectral weights, is described. The spectral weights
used to derive the intensity images are defined in three different ways (i) fixed equal spectral weights;
(ii) fixed spectral weights derived considering laboratory spectra and the Landsat 8 OLI spectral
response functions; and (iii) image specific spectral weights derived using a regression between the
multispectral and the degraded panchromatic band [24]. Resampling of the Landsat 8 OLI data from
30 m to 15 m is then described followed by description of the Brovey and context adaptive Gram
Schmidt pansharpening methods and the pansharpening evaluation methodology. Quantitative and
qualitative evaluation results for the visible and NIR bands of three test Landsat 8 OLI images are
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reported, with consideration of the computational efficiency of the different pansharpening methods,
prior to concluding remarks.
2. Data
2.1. Landsat 8 Data
The spectral response functions for the Landsat 8 OLI bands used in this study (Figure 1) are
described in [25] and were obtained from [26]. The visible wavelength OLI 30 m red (0.636–0.673 µm),
green (0.533–0.590 µm), blue (0.452–0.512 µm), and near-infrared (NIR, 0.851–0.879 µm) bands and
the 15 m panchromatic band (0.503–0.676 µm) were used. The panchromatic band covers only visible
wavelengths to provide greater contrast between vegetated and bare surfaces [15] and overlaps
spectrally with the green and red bands but only marginally with the blue band, and not at all with the
NIR band. The blue, green and red band spectral response functions intersect with 5.2%, 32.8% and
22.8% of the panchromatic band spectral response function respectively. Conversely, the panchromatic
band spectral response function intersects with 14.9%, 94.1% and 99.6% of the blue, green and red
band functions respectively.
Remote Sens. 2016, 8, 180 3 of 25 
 
OLI images are reported, with consideration of the computational efficiency of the different 
pansharpening methods, prior to concluding remarks.  
2. Data 
2.1. Landsat 8 Data 
The spectral response fu ctions for the Landsat 8 OLI bands used in this study (Figure 1) are 
described in [25] and were obtained from [26]. The visible wavelength OLI 3  m red (0.636–0.673 µm), 
green (0.533–0.590 µm), blue (0.452–0.512 µm), and near-infrared (NIR, 0.851–0.879 µm) bands and 
the 15 m panchromatic band (0.503–0.676 µm) were used. The panchromatic band covers only visible 
wavelengths to provide greater contrast between vegetated and bare surfaces [15] and overlaps 
spectrally with the green and red bands but only marginally with the blue band, and not at all with 
the NIR band. The blue, green and red band spectral response functions intersect with 5.2%, 32.8% 
and 22.8% of the panchromatic band spectral response function respectively. Conversely, the 
panchromatic band spectral response function intersects with 14.9%, 94.1% and 99.6% of the blue, 
green and red band functions respectively. 
 
Figure 1. Landsat 8 spectral response functions for the blue, green, red, panchromatic (black) and 
near-infrared (NIR) (dark orange) bands. 
Landsat 8 data are available in approximately 190 km × 180 km scenes defined in the second 
World-wide Reference System (WRS-2) of scene path (ground track parallel) and row (latitude 
parallel) coordinates [27]. Standard Level 1T processing includes radiometric correction, systematic 
geometric correction, precision correction using ground control chips, and the use of a digital 
elevation model to correct parallax error due to local topographic relief. The Landsat 8 L1T product 
has a band-to-band registration accuracy of less than 4.5 m for the OLI bands, i.e., better than  
the panchromatic band pixel dimensions, and a circular geolocation error uncertainty requirement 
of <12 m [15].  
Three largely cloud-free Landsat 8 L1T images acquired over South Dakota, China, and India 
that provide a range of radiometric and geometric features for testing the pansharpening algorithms 
Figure 1. Landsat 8 spectral response functions for the blue, green, red, panchromatic (black) and
near-infrared (NIR) (dark orange) bands.
Landsat 8 data are available in approximately 190 km ˆ 180 km scen s defined in the s cond
World-wide Refere ce System (WRS-2) of scene path (ground track parallel) and row (latitude parallel)
coordinates [27]. Standard Level 1T processing includes radiometric correction, systematic geometric
correction, precision correction using ground control chips, and the use of a digital elevation model to
correct parallax error due to local topographic relief. The Landsat 8 L1T product has a band-to-band
registration accuracy of less than 4.5 m for the OLI bands, i.e., better than the panchromatic band pixel
dimensions, and a circular geolocation error uncertainty requirement of <12 m [15].
Three largely cloud-free Landsat 8 L1T images acquired over South Dakota, China, and India
that provide a range of radiometric and geometric features for testing the pansharpening algorithms
were selected. The images were acquired over predominantly agricultural regions, with variable field
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sizes and patterns, and include settlements and distinct road networks. A single rectangular spatial
subset was extracted from each L1T image, ensuring that each subset contained no cloudy pixels and
no scene edges. Specifically, spatial subsets with 30 m pixel dimensions of 2734 ˆ 2532 (South Dakota),
2976 ˆ 2520 (China), and 2970 ˆ 2470 (India) were extracted. These data were converted into top of
atmosphere reflectance (unitless, range 0–1) using the L1T image metadata.
The South Dakota image was located over the authors’ university town, Brookings, central eastern
South Dakota, WRS-2 path 29/row 29, and was sensed 29 June 2014. The main crops are corn and
soybean grown in large fields with side dimensions of the order of tens to hundreds of 30 m pixels [28].
The China image was WRS-2 path 123/row 36 located in Henan province, in the North China Plain,
sensed 1 September 2013. Like much of rural China, the image is dominated by small scale intensive
farming with predominantly winter wheat and rice crops [29,30] and contains many long rectangular
fields including rice fields with small axes dimensions that can be smaller than the Landsat 30 m pixel
dimension [31]. The India image was acquired over WRS-2 path 148/row 39 located over north west
India in the state of Punjab, and was sensed 31 August 2103. In this region predominantly rice and
cotton crops grow in the Summer followed by winter wheat planted later in Autumn and harvested
in Spring [32–34]. The Indian image field sizes are comparable and slightly larger than those in the
China image.
2.2. Spectral Library Data
Spectral measurements were used to simulate Landsat 8 reflectance values needed to develop
spectral response function based (SRFB) spectral weights (Section 3.1.2). Vegetation, soil, water,
ice and snow spectra from three spectral libraries were used, namely, the Version 6 USGS spectral
library [35], the Version 2 ASTER spectral library [36], and the Jasper Ridge spectral library [37].
Only the visible and near-infrared (VNIR) data from 0.4 to 0.9 µm were used. The VNIR USGS spectral
library data were measured with a Beckman 5270 spectrophotometer, an Analytical Spectral Devices
(ASD) portable field spectrometer, and derived from atmospherically corrected NASA Airborne
Visible/Infra-Red Imaging Spectrometer (AVIRIS) data. The VNIR ASTER spectral library data were
measured with a Beckman UV5240 spectrophotometer and a Perkin-Elmer Lambda 900 UV/VIS/NIR
spectrophotometer. The VNIR Jasper Ridge spectral library data were measured with a Beckman
UV5240 spectrophotometer. The sample intervals of the Perkin-Elmer Lambda 900, ASD and AVIRIS
measurements were 1 nm, 1 nm and 10 nm respectively. The sample interval of the two Beckman
instruments was 1 nm in the visible and 4 nm in the NIR wavelength range [36].
The spectra are provided with cover type descriptions. However, for this study, to unambiguously
differentiate between vegetation and soil spectra the normalized difference vegetation index (NDVI)
was computed and only vegetation spectra with NDVI ě0.2 were selected. Similarly, only soil spectra
with NDVI <0.2 were selected. This provided a total of 335 spectra (270 vegetation, 34 soil, 10 water,
and 21 snow and ice spectra). The NDVI was computed for each spectra as the simulated OLI NIR
(0.845–0.885 µm) reflectance minus the simulated OLI red reflectance (0.640–0.670 µm) divided by their
sum. The OLI band simulation is described in Section 3.1.
3. Methods
3.1. Single Band Intensity Image Derivation
The first step in pansharpening is the derivation of a single band intensity image that is similar
to the panchromatic band but is defined at the multispectral band spatial resolution as a weighted
linear combination of the multispectral band values. In this study, red, green and blue spectral weights
Equation (1) were considered. The NIR band was not used to derive the intensity image as it does
not overlap spectrally with the panchromatic band. In addition, just red and green spectral weights
Equation (2) were considered as the panchromatic band overlaps only marginally with the blue band
(Figure 1) and because the Landsat blue band is very sensitive to atmospheric effects and is not usually
reliably atmospherically corrected [14,38,39].
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I pi, jq “ wredρred pi, jq `wgreenρgreen pi, jq `wblueρblue pi, jq (1)
I pi, jq “ wredρred pi, jq `wgreenρgreen pi, jq (2)
where I pi, jq is the single band intensity image reflectance value at 30 m pixel location (i,j); ρred pi, jq,
ρgreen pi, jq, and ρblue pi, jq are the Landsat 8 30 m red, green and blue reflectance values, and wred, wgreen,
and wblue are the spectral weights for these bands.
The spectral weights used to derive the intensity images were defined in three different ways
(i) fixed equal spectral weights; (ii) fixed spectral weights derived considering laboratory spectra
and the Landsat 8 OLI spectral response functions; and (iii) image specific spectral weights derived
using a regression between the multispectral and the degraded panchromatic band [24]. These are
described below.
3.1.1. Equal Spectral Weights
The simplest approach is to assign fixed equal spectral weights set as the reciprocal of the number
of multispectral bands. Accordingly, in this study, equal spectral weights (wred = wgreen = wblue = 1{3
for Equation (1) and wred = wgreen = ½ for Equation (2)) were used to derive the intensity image.
This approach implicitly assumes to first order that the surface reflectance changes linearly over the
panchromatic and multispectral band wavelengths. This is not usually true, for example, Figure 2
illustrates vegetation, soil, water and snow library spectra (lines) that exhibit typical highly variable
reflectance with wavelength.
3.1.2. Spectral Response Function Based (SRFB) Spectral Weights
Fixed spectral weights were derived by regression analysis of the simulated Landsat 8 OLI
reflectance using the OLI band spectral response functions and the library spectra. First, simulated
Landsat 8 OLI band reflectance values were calculated for each library spectrum [40] as:
ρband “
r band λmax
band λmin
sbandpλqρpλqdλr band λmax
band λmin
sbandpλqdλ
(3)
where ρband is the simulated reflectance for a specific Landsat 8 band (i.e., panchromatic, blue, green, or
red), sband pλq is the Landsat 8 band spectral response function (Figure 1), band λmin and band λmax are
the minimum and maximum wavelengths where sbandpλq is greater than zero, and ρpλq is the spectral
library data for a give spectrum. The integration in Equation (3) was undertaken at 1 nm intervals for
each library spectrum, linearly interpolating the reflectance values that were measured less frequently
than 1 nm. Figure 2 illustrates example vegetation, soil, water and snow library spectra (lines) and the
corresponding simulated Landsat 8 OLI panchromatic, red, green and blue band reflectance values
(dots) in Equation (3). The small differences between the library spectral values at the OLI band center
wavelengths and the simulated reflectance values are due to the higher spectral resolution of the
library spectra relative to the OLI band spectral response functions.
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Figure 2. Example vegetation, soil, water and snow spectra and the simulated (see Equation (3))
panchromatic (black asterisk), red (red dot), green (green dot), and blue (blue dot) Landsat 8
Operational Land Imager (OLI) reflectance plotted at the Landsat 8 band center wavelengths.
Linear regressions of simulated Landsat 8 panchromatic reflectance against simulated red, green
and blue reflectance band combinations were derived by ordinary least squares regression considering
many spectra. Regressions considering red, green and blue reflectance, and also considering only red
and green reflectance, were derived to provide relationships of the form:
ρpan “ wredρred `wgreenρgreen ` wblueρblue ` ε (4)
ρpan “ wredρred` wgreenρgreen ` ε (5)
where ρpan, ρred, ρgreen, ρblue are simulated reflectances defined as Equation (3), and wred, wgreen,
wblue are the regression coefficients that provide the spectral weights, and ε is the conventional
regression error term, i.e., the difference between the simulated panchromatic reflectance and the linear
combination of simulated multispectral reflectances, and the regression was derived by minimizing
the sum of ε2.
The spectral response function based (SRFB) spectral weights were derived using a bootstrap
sampling approach considering all the spectra but ensuring that an approximately equal number of
spectra from each cover type were considered for the final weight derivation. Specifically, the 34 soil,
21 snow and ice, and 10 water spectra were considered with 34 vegetation spectra selected at random
from the 270 vegetation spectra (i.e., a total of 99 spectra). This was repeated 100 times to derive
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100 weights and the set of weights that was closest to the Euclidian center of the 100 groups of weights
was derived to provide a single set of red, green and blue band SRFB weights, and a single set of
red and green SRFB weights. In addition, to examine the influence of spectra variations among the
different cover types the 335 spectra were grouped into vegetation, soil, snow and ice, and water, cover
types and the weights were derived independently for each cover type.
3.1.3. Image Specific Spectral Weights
Rather than use fixed spectral weights, as described above, researchers have suggested the use of
image specific weights that consider spectral relationships between bands [18,24]. This approach uses
a regression between the multispectral and the degraded panchromatic band to derive the spectral
weights for each image. A regression considering the 30 m red, green and blue reflectances and
the spatially corresponding panchromatic reflectance degraded to 30 m were derived to provide
a relationship of the form:
ρLpan pi, jq “ wredρred pi, jq `wgreenρgreen pi, jq `wblueρblue pi, jq ` ε (6)
where ρLpan pi, jq is the degraded panchromatic reflectance at a 30 m pixel location (i,j), and ρred pi, jq,
ρgreen pi, jq, ρblue pi, jq are the 30 m red, green and blue reflectance values, and wred, wgreen, and wblue are
the regression coefficients that provide the image specific spectral weights, and ε is the conventional
regression error term.
Ideally, the 30 m degraded panchromatic reflectance should be derived by modelling the
multispectral band point spread function (PSF) that describes the combined smoothing effects of
the sensor detector electronics, optics, scanning mechanism, and atmospheric adjacency effects [41–44].
In this study, as the Landsat 8 OLI PSF for each band is unknown, a cubic-spline wavelet filter with
a Gaussian-like frequency response followed by decimation was used to provide a first-order PSF
approximation [45]. Unlike the equal and the SRFB spectral weights, the image specific weights are
not constant among images.
3.2. Resampling Landsat 8 30 m Multispectral Bands to 15 m Panchromatic Pixel Grid
In order for the 30 m Landsat 8 multi-spectral bands to be pansharpened they, and the single
band intensity images, were resampled to 15 m to align precisely with the 15 m panchromatic band.
This is complicated because with Landsat 8 L1T data four 15 m pixels do not correspond spatially
aligned to a 30 m pixel, rather the panchromatic pixel grid is shifted by 7.5 m in the row and column
directions relative to the 30 m pixel grid. Consequently, the 30 m bands were resampled to the 15 m
panchromatic grid.
There are three common resampling techniques, nearest neighbor, bilinear, and cubic convolution.
Nearest neighbor resampling is inappropriate for pansharpening as it assigns the closest pixel to any
output coordinate location, producing a blocky resampled image. Bilinear resampling fits a hyperbolic
paraboloid through four neighboring pixel values in the original image to estimate the resampled
pixel value [46]. The cubic convolution resampler approximates the theoretically optimal sinc function
over a 4 by 4-pixel neighborhood and produces a visually smooth image except in regions of high
contrast (e.g., edges) where the contrast may be over enhanced [47]. Generally, bilinear resampling
can exactly reconstruct at most a first-degree polynomial, whereas cubic convolution resampling
has the potential to reconstruct exactly any second-degree polynomial [48]. Although the difference
between the bilinear and cubic convolution resamplers has been found to be negligible for certain
remote sensing applications such as supervised classification [49] cubic convolution is recommended
for pansharpening applications [21,50,51]. Consequently, in this study, the cubic convolution resampler
was used to resample the 30 m data to 15 m.
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3.3. Pansharpening
The Landsat 8 OLI red, green, blue bands, and also the NIR band, were pansharpened using the
derived intensity band using the component substitution (CS) method described as:
ρˆband pi, jq “ ρb˚and pi, jq ` αband pi, jq
`
ρpan pi, jq ´ I˚ pi, jq
˘
(7)
where ρˆband pi, jq is the pansharpened reflectance value for a given band (red, green, blue or NIR) at
15 m pixel location (i,j), ρb˚and pi, jq is the 30 m band reflectance value resampled to 15 m, αband pi, jq is
a scalar modulation coefficient, ρpan pi, jq is the panchromatic 15 m reflectance value, and I˚ pi, jq is the
intensity image value defined as Equation (1) or (2) resampled to 15 m. The “*” symbol denotes data
that have been resampled from 30 m to 15 m.
3.3.1. Brovey Pansharpening
The Brovey CS pansharpening method is easy to implement, computationally inexpensive, and
widely applied, although it is found to introduce spectral distortion in pansharpened results [5,19,24].
It is defined [23] by setting the modulation coefficient as:
αband pi, jq “ ρb˚and pi, jq {I˚ pi, jq (8)
where αband pi, jq is the modulation coefficient that changes for each 15 m pixel location (i,j), ρb˚and pi, jq
is the 30 m band (red, green or blue) reflectance value resampled to 15 m, and I˚ pi, jq is the intensity
image value defined as Equation (1) or (2) resampled to 15 m.
3.3.2. Context Adaptive Gram Schmidt Pansharpening
The context adaptive Gram Schmidt CS pansharpening method [19] was adapted from the Gram
Schmidt method [52]. It is a more complicated CS algorithm than Brovey and was developed to reduce
spectral distortion caused by CS methods [19,24]. It is defined by setting the modulation coefficient as:
αband pi, jq “ σ
´
ρb˚andpNpi,jqq, I˚ pN pi,jq
¯¯
{σ
´
I˚pNpi,jqq, I˚ pN pi,jq
¯¯
(9)
where αband pi, jq is the modulation coefficient that changes for each 15 m pixel location (i,j), ρb˚andpNpi,jqq
and I˚ pN pi,jq
¯
are the 30 m band (red, green, blue or NIR) and intensity image reflectance values
resampled to 15 m defined over a local neighborhood centered on pixel location (i, j), and σ px, yq
denotes the covariance between x and y. Aiazzi et al. [18] set the neighborhood Npi,jq as a square
window of 13 ˆ 13 pixels for pansharpening approximately 1.0 m resolution data. In this study the
same 13 ˆ 13 pixel window was used as sensitivity analysis undertaken using different window
sizes on the Landsat 8 test data did not reveal much difference for windows with 10 to 15 pixel side
dimensions. As αband pi, jq may become large in homogeneous neighborhoods any αband pi, jq values
greater than 3.0 were set as 3.0 [18].
3.4. Evaluation
3.4.1. Evaluation of Spectral Response Function Based (SRFB) Spectral Weights
The SRFB spectral weights derived using the spectral library data for the three visible bands
Equation (4) and two visible bands Equation (5) were examined. Conventional regression statistics,
namely the regression R2 values and also the mean absolute and mean relative residual values obtained
by averaging |ε| and |ε|
ρpan
were used to assess the reliability of the SRFB spectral weight derivation.
The best SRFB spectral weights were defined as those that provided the smallest residuals.
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3.4.2. Evaluation of Intensity Image Derivation
The absolute differences between the intensity image cubic convolution resampled to 15 m and the
panchromatic band were quantified to investigate the degree to which the spectral weights produced
viable intensity images when applied to the Landsat 8 test data. The differences were quantified for
the intensity images derived using (i) the equal spectral weights; (ii) the best SRFB spectral weights;
and (iii) the image specific spectral weights. Given that the differences may vary spectrally, the relative
absolute differences found by dividing the absolute difference by the panchromatic reflectance at each
pixel were also examined.
3.4.3. Pansharpening Evaluation
The pansharpened results for the different methods were first evaluated by visual inspection of the
true color (red, green, blue) pansharpened 15 m images. Then metrics that quantify the degree of spatial
and spectral distortion were derived. The metrics require a reference comparison image which was
not available. To circumvent this, other researchers have recommended degrading the panchromatic
and the multispectral red, green and blue bands, and then pansharpening the lower resolution bands
to the multispectral band resolution [45,53]. Similarly, in this study the Landsat 8 30 m red, green and
blue bands were degraded to 60 m, and the 15 m panchromatic band was degraded to 30 m resolution.
The degradation from higher to lower spatial resolution was undertaken using the same process as
described in Section 3.1.3. The red, green and blue 60 m bands were independently pansharpened using
the Brovey and context adaptive Gram Schmidt methods to 30 m. The 30 m red, green and blue bands
were compared with the 30 m red, green and blue pansharpened equivalents using the established
pansharpening SAM, ERGAS, and Q4 evaluation metrics [53,54] that are summarized below.
The spectral angle mapper (SAM) is used to determine the spectral similarity between two
pixels by calculating the angle subtended between their points in feature space and the feature space
origin [55]. It is insensitive to exogenous reflectance brightness variations, for example, due to solar
geometry variations [56]. The SAM for each pixel in the reference and the pansharpened image was
computed and the average SAM over the test image derived. The SAM metric has a zero value when
there is no spectral distortion and increasingly positive values with greater distortion.
The ERGAS metric, termed from its French name “relative dimensionless global error in synthesis,”
estimates the average amount of spectral distortion, defined as the ratio of the root-mean-square error
between the reference image and the pansharpened image to the mean reference image reflectance [57].
The ERGAS metric has a zero value when there is no spectral distortion and has increasingly positive
values with greater distortion.
The Q4 metric is an image quality index proposed by Alparone et al. [54] that quantifies the
average spatial and spectral distortion by simultaneously accounting for local mean bias, changes
in contrast, and loss of correlation of individual bands. It is derived by extending the single band
Universal Image Quality Index (UIQI) [58], to four bands. The Q4 values are calculated with respect
to non-overlapping adjacent square windows of n ˆ n pixels and then averaged to yield a single
image value. Sensitivity analysis undertaken using different window sizes (n = 16 to n = 64 pixels)
did not reveal significant difference for the Landsat 8 test data. Consequently, in this study the same
n = 32 pixel window dimensions recommend by Alparone et al. [54] for pansharpening evaluation of
approximately 1.0 m resolution data was used. The Q4 index has a value of unity when there is no
spatial and spectral distortion and smaller values down to zero with increasing distortion.
To provide a no-pansharpening evaluation benchmark, the SAM, ERGAS, and Q4 metrics were
also extracted comparing the 30 m red, green and blue bands with 30 m red, green and blue bands that
were cubic convolution resampled from the 60 m bands.
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3.4.4. Computational Efficiency Evaluation
The computational efficiency of the different pansharpening methods was measured by counting
the run time of each method for each study image. The run time measurements excluded the image
read and write operations. The run times were derived using an Intel® Xeon® Processor X3450 (4 cores,
8M Cache, 2.66 GHz) CPU with installed memory of 8.00 GB and a 64-bit Windows 7 operating system.
All of the codes were written in the Matlab language.
4. Results
4.1. Evaluation of Spectral Response Function Based (SRFB) Spectral Weights
The SRFB spectral weights and regression statistics found by linear regression of the simulated
Landsat 8 OLI data considering different cover types are summarized in Tables 1 and 2. The regression
R2 values are all high (close to unity), however, the residuals indicate better fits when the simulated
Landsat 8 panchromatic reflectance values were modelled as a linear weighted function of three bands
(i.e., simulated red, green and blue reflectance) (Table 1) rather than as a linear weighted function of
two bands (i.e., simulated red and green reflectance) (Table 2). This is likely because the blue band
provides additional explanatory information. For example, in Figure 2 the simulated panchromatic
reflectance is intermediate with the simulated red and green reflectance and greater or smaller than
the simulated blue reflectance depending on the cover type. The largest mean absolute residuals were
observed for the vegetation spectra, 0.00077 (three bands, Table 1) and 0.00157 (two bands, Table 2),
and then decreased for the soil, water, and snow and ice cover types respectively. This pattern likely
occurs because of the more complex visible wavelength vegetation reflectance variation compared
to soil and water which generally have monotonically increasing and decreasing reflectance with
wavelength respectively, and compared to ice and snow that have relatively flat visible wavelength
spectra [59,60] and is evident in Figure 2. The mean relative absolute residuals were about an order
of magnitude greater than the mean absolute residuals (Tables 1 and 2) because of the normalization
for the panchromatic band reflectance that is proportional to the mean visible reflectance (Figure 2).
The largest and smallest relative residuals were observed for the water and for the snow and ice spectra
respectively due to their low (water) and high (snow and ice) visible reflectance relative to the other
cover types.
Table 1. Landsat 8 red, green and blue band spectral response function based (SRFB) spectral weights
(wred, wgreen and wblue) derived by linear regression of the simulated Landsat 8 panchromatic reflectance
against simulated red, green and blue reflectance, as Equation (4), for vegetation, soil, water, ice and
snow, and all (bootstrapped) cover type spectra, n is the number of spectra used to generate each
regression, R2 is the regression coefficient of determination, |ε| is the mean absolute regression residual,
and
|ε|
ρpan
is the relative mean absolute regression residual.
Spectra Cover Types wred wgreen wblue n R2 |ε|
|ε|
ρpan
Vegetation 0.3951 0.5197 0.0863 270 0.9999 0.00077 0.00865
Soil 0.3830 0.5588 0.0586 34 1.0000 0.00069 0.00409
Water 0.4072 0.5207 0.0709 10 1.0000 0.00036 0.00998
Ice and snow 0.4095 0.5166 0.0748 21 1.0000 0.00023 0.00051
All (bootstrapped) 0.4030 0.5177 0.0802 99 1.0000 0.00059 0.00530
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Table 2. As Table 1 but for the Landsat 8 red and green band spectral response function based (SRFB)
spectral weights (wred and wgreen) derived as Equation (5).
Spectra Cover Types wred wgreen n R2 |ε|
|ε|
ρpan
Vegetation 0.4151 0.5626 270 0.9996 0.00157 0.01680
Soil 0.3357 0.6582 34 1.0000 0.00090 0.00484
Water 0.3616 0.6244 10 1.0000 0.00075 0.01740
Ice and snow 0.4984 0.5036 21 1.0000 0.00049 0.00101
All (bootstrapped) 0.3518 0.6448 99 0.9999 0.00211 0.01962
For the three band regressions (Table 1) the red and green band SRFB spectral weights were
about 0.4 and 0.5 respectively and changed only marginally (in the second decimal place) among
the different cover types, whereas the blue band spectral weights were smaller (~0.06 to 0.09) and
relatively more variable among the cover types reflecting the minor overlap of the Landsat 8 blue band
with the panchromatic band (Figure 1). The three band SRFB spectral weights derived considering all
the (bootstrapped) spectra were similar to the median of the spectral weights found for each cover
type independently which is desirable for general application to Landsat 8 data. For the two band
regressions (Table 2) the red and green band SRFB spectral weights were more variable among the
cover types and the two band mean absolute residuals were approximately 1.3 (soil types) to 2.1 (snow
and ice types) times greater than the three band mean absolute residuals. Consequently, the three band
SRFB spectral weights found using the bootstrapped spectra, i.e., wred = 0.4030, wgreen = 0.5177, and
wblue = 0.0802, were used rather than the two band spectral weights.
4.2. Evaluation of Intensity Image Derivation
Figures 3–5 show the South Dakota, China and India data displayed with the same contrast
stretches and color maps for ease of comparison. The top left images (a) in these figures show the
true color i.e., red, green and blue reflectance Landsat 8 OLI data. The other three images show the
absolute differences between the 15 m panchromatic band and the intensity images generated using
equal spectral weights (top right, b), SRFB spectral weights (bottom left, c), and the image specific
spectral weights (bottom right, d). These figures demonstrate clearly that the equal spectral weights
provide less viable intensity images, and so greater absolute differences with the panchromatic band,
than using the spectral response function based and image specific spectral weights.
For the South Dakota, China, and India study areas respectively, the mean study area absolute
difference was 0.0064, 0.0098 and 0.0071 using the equal spectral weights, and was consistently
smaller, as 0.0044, 0.0054 and 0.0047, using the SRFB spectral weights and as 0.0036, 0.0047 and
0.0040 using the image specific spectral weights. The largest absolute differences (ě0.0070, shown
as red in Figures 3–5) were observed primarily over settlements, and then generally deceased for
bare soil (typically ě 0.0035 and <0.0070, shown as blue), vegetation (typically <0.0035 and <0.0070,
shown as white and blue respectively) and water (mostly <0.0035, shown as white) respectively. This
pattern corresponds approximately to the decreasing average visible reflectance of these land covers.
The mean panchromatic reflectance for the South Dakota, China and India data was 0.0818, 0.1025
and 0.1079 respectively. The study area mean relative absolute differences, found by dividing the
absolute difference by the panchromatic reflectance at each pixel, were 8.4%, 10.1%, and 6.9% (equal
spectral weights), 5.5%, 5.1%, and 4.3% (spectral response function based spectral weights) and 4.3%,
4.4%, and 3.5% (image specific spectral weights) for the South Dakota, China, and India study areas
respectively. Clearly, compared to the equal spectral weights, the SRFB and image specific spectral
weights provide more reliable intensity images for all three study areas and the magnitude of their
mean study area relative absolute differences is comparable to the Landsat 8 OLI 3% reflectance
calibration requirement [61,62]. The image specific difference results provide the smallest absolute and
relative differences.
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The greatest differences evident in Figures 3–5 occur over heterogeneous high spectral contrast
regions, notably along roads and between crop fields and within urban areas. This is expected given
that the intensity images were derived at 30 m and cubic convolution resampled to 15 m, and so
differences will be most apparent where the 15 m panchromatic band captures spatial details that are
not observed at 30 m. These differences over high contrast regions are especially important as the
15 m spatial detail will be added as in Equation (7) after CS pansharpening. Misregistration of the
panchromatic band with the red, green and blue bands may also cause some additional differences [15].
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Figure 3. South Dakota 2734 × 2532 30 m Landsat 8 top of atmosphere (TOA) red, green, blue TOA 
reflectance (a). Absolute reflectance differences between the 15m panchromatic band and the 15 m 
resampled intensity images generated using: the equal spectral weights ( redw  = greenw  = bluew  = 
⅓) (b); the spectral response function based (SRFB) spectral weights ( redw  = 0.4030, greenw = 0.5177, 
bluew  = 0.0802) (c); and the image specific spectral weights ( redw  = 0.4516, greenw  = 0.5981, bluew  
= −0.0588) (d). Absolute reflectance differences colored as: 0 ≤ white < 0.0035, 0.0035 ≤ blue < 0.0070, 
and red ≥ 0.0070. The 30 m true color and the 30 m intensity images were cubic convolution 
resampled to the 15 m panchromatic band grid. 
  
Figure 3. South Dakota 2734 ˆ 2532 30 m Landsat 8 top of atmosphere (TOA) red, green, blue TOA
reflectance (a). Absolute reflectance differences between the 15m panchromatic band and the 15 m
resa pled intensity i ages generated using: the equal spectral weights (wred = wgreen = wblue = 1{3) (b);
the spectral response function based (SRFB) spectral weights (wred = 0.4030, wgreen = 0.5177, wblue =
0.0802) (c); and the image specific spectral weights (wred = 0.4516, wgreen = 0.5981, wblue = ´0.0588) (d).
Absolute reflectance differences colored as: 0ďwhite < 0.0035, 0.0035ď blue < 0.0070, and red ě 0.0070.
The 30 m true col r and the 30 m intensity images were cubic convolution resampled to the 15 m
panchromatic band grid.
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Figure 4. China 2976 × 2520 30 m Landsat 8 TOA red, green, blue TOA reflectance (a). Absolute 
reflectance differences between the 15 m panchromatic band and the 15 m resampled intensity 
images generated using: the equal spectral weights ( redw  = greenw  = bluew  = ⅓) (b); the spectral 
response function based (SRFB) spectral weights ( redw  = 0.4030, greenw  = 0.5177, bluew  = 0.0802) 
(c); and the image specific spectral weights ( redw  = 0.4568, greenw  = 0.5041, bluew  = 0.0361)  
(d). Absolute reflectance differences colored as: 0 ≤ white < 0.0035, 0.0035 ≤ blue < 0.0070, and  
red ≥ 0.0070. The 30 m true color and the 30 m intensity images were cubic convolution resampled to 
the 15 m panchromatic band grid. 
i re . i ˆ 2520 30 sat , , l fl ; l te
r fl t iff re ces betwe n the 15 m panchromatic band and the 15 m resa pled intensity images
generated using: the equal spectral weights (wred = green blue = 1{3) (b); the spectral response
function based (SRFB) spectral weights (wred = 0.4030, wgreen = 0.5177, wblue = 0.0802) (c); and the
image specific spectral weights (wred = 0.4568, wgreen = 0.5041, wblue = 0.0361) (d). Absolute reflectance
differences colored as: 0ďwhite < 0.0035, 0.0035ď blue < .0070, and redě 0.0070. The 30 m true color
and the 30 m intensity images were cubic convolution resampled to the 15 m panchromatic band grid.
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Figure 5. India 2970 × 2470 30 m Landsat 8 TOA red, green, blue TOA reflectance (a). Absolute 
reflectance differences between the 15 m panchromatic band and the 15 m resampled intensity 
images generated using: the equal spectral weights ( redw  = greenw  = bluew  = ⅓) (b); the spectral 
response function based (SRFB) spectral weights ( redw  = 0.4030, greenw  = 0.5177, bluew  = 0.0802) 
(c); and the image specific spectral weights redw  = 0.4922, greenw  = 0.4586, bluew  = 0.0512) (d). 
Absolute reflectance differences colored as: 0 ≤ white < 0.0035, 0.0035 ≤ blue < 0.0070, and red ≥ 0.0070. 
The 30 m true color and the 30 m intensity images were cubic convolution resampled to the 15m 
panchromatic band grid. 
4.3. Pansharpening Results and Evaluation 
4.3.1. Qualitative Evaluation 
Figures 6–8 illustrate example pansharpening results for the South Dakota, China and India 
data respectively. Small 400 × 400 15 m pixel subsets were used to enable detailed visual evaluation. 
For reference the top figure rows illustrate the 15 m panchromatic (a) and the 30 m true color bands 
cubic convolution resampled to the panchromatic grid (b). The 15 m Brovey (c,e,g) and context 
adaptive Gram Schmidt (d,f,h) pansharpening results are shown on the following rows, respectively, 
with the intensity images derived using equal (c,d), SRFB (e,f), and image specific (g,h) spectral 
weights. For ease of comparison, the figures are displayed with the same true color and panchromatic 
contrast stretches.  
Figure 5. India 2970 ˆ 2470 30 m Landsat 8 TOA red, green, blue TOA reflectance (a); Absolute
reflectance differences between the 15 m panchromatic band and the 15 m resampled intensity images
generated using: the equal spectral weights (wred = wgreen = wblue = 1{3) (b); the spectral response
function based (SRFB) spectral weights (wred = 0.4030, wgreen = 0.5177, wblue = 0.0802) (c); and the
image specific spectral weights wred = 0.4922, wgreen = 0.4586, wblue = 0.0512) (d). Absolute reflectance
differences colored as: 0ďwhite < 0.0035, 0.0035ď blue < 0.0070, and redě 0.0070. The 30 m true color
and the 30 m intensity images were cubic convolution resampled to the 15m panchromatic band grid.
4.3. Pansharpening Results and Evaluation
. .1. Qualitative Eval atio
Figures 6–8 illustrate example pansharpening results for the South Dakota, China and India
data respectively. Small 400 ˆ 400 15 m pixel subsets were used to enable detailed visual evaluation.
For reference the top figure rows illustrate the 15 m panchromatic (a) and the 30 m true color bands
cubic convolution resampled to the panchromatic grid (b). The 15 m Brovey (c,e,g) and context
adaptive Gram Schmidt (d,f,h) pansharpening results are shown on the following rows, respectively,
with the intensity images derived using equal (c,d), SRFB (e,f), and image specific (g,h) spectral
weights. For ease of comparison, the figures are displayed with the same true color and panchromatic
contrast stretches.
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Figure 6. South Dakota illustrative 400 × 400 (15 m) pixel subset. Top row: 15 m TOA panchromatic 
reflectance (a) and 30 m true color (red, green and blue) TOA reflectance cubic convolution 
resampled to 15 m (b); The following rows show 15 m true color Brovey (left column) and context 
adaptive Gramm-Schmidt (right column) pansharpened reflectance respectively, derived using 
intensity images computed using the equal (c,d); spectral response function based (SRFB) (e,f); and 
image specific spectral weights (g,h) summarized in the Figure 3 caption. 
 
Figure 7. Cont. 
i re 6. South Dakota il ustrative 400 ˆ l t. : 15 a c ro atic
reflectance (a) and 30 m true color (red, green and blue) TOA reflectance cubic convolution resampled
to 15 m (b); The following rows show 15 m true color Brovey (left column) and context adaptive
Gr mm-Schmidt (right column) pansharpened reflectance respectively, de ived using intensity images
compu ed using the equal (c,d); spectral response function based (SRFB) (e,f); and image specific
spectral weight (g,h) summarized in the Figure 3 caption.
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Figure 7. China illustrative 400 × 400 (15 m) subset. Top row: 15 m TOA panchromatic reflectance  
(a) and 30 m true color (red, green and blue) TOA reflectance cubic convolution resampled to 15 m 
(b); The following rows show 15 m true color Brovey (left column) and context adaptive 
Gramm-Schmidt (right column) pansharpened reflectance respectively, derived using intensity 
images computed using the equal (c,d); spectral response function based (SRFB) (e,f); and image 
specific spectral weights (g,h) summarized in the Figure 4 caption. 
Figure 7. China illustrative 400 ˆ 400 (15 m) subset. Top row: 15 m TOA panchromatic reflectance (a)
and 30 m true color (red, green and blue) TOA reflectance cubic convolution resampled to 15 m (b);
The following rows show 15 m true color Brovey (left column) and context adaptive Gramm-Schmidt
(right column) pansharpened reflectance respectively, derived using intensity images computed using
the equal (c,d); spectral response function based (SRFB) (e,f); and image specific spectral weights (g,h)
summarized in the Figure 4 caption.
Remote Sens. 2016, 8, 180 18 of 25
Remote Sens. 2016, 8, 180 18 of 25 
 
 
 
 
Figure 8. Cont. Figure 8. Cont.
Remote Sens. 2016, 8, 180 19 of 25
Remote Sens. 2016, 8, 180 19 of 25 
 
 
Figure 8. India illustrative 400 × 400 (15 m) subset. Top row: 15 m TOA panchromatic reflectance  
(a) and 30 m true color (red, green and blue) TOA reflectance cubic convolution resampled to 15 m 
(b); The following rows show 15 m true color Brovey (left column) and context adaptive 
Gramm-Schmidt (right column) pansharpened reflectance respectively, derived using intensity 
images computed using the equal (c,d); spectral response function based (SRFB) (e,f); and image 
specific spectral weights (g,h) summarized in the Figure 5 caption. 
The pansharpened results (Figures 6 to 8c–h) show more spatial details than the corresponding 
cubic convolution resampled true color images (b). The pansharpening spatial enhancement is 
particularly apparent along roads and between crop fields, for example, between the small fields in 
the China and India subsets (Figures 7 and 8). The distinct South Dakota square 1 × 1 mile road 
sections (Figure 6) are not quite parallel to the subset image sides, and portions of the road sections 
are aliased in the cubic convolution resampled true color image while they are not aliased in the 
pansharpened results. There is, however, no particularly obvious visual difference among the 
illustrated Brovey and the context adaptive Gram Schmidt pansharpening results. The differences 
between pansharpened results generated using equal, SRFB, and image specific spectral weights is 
also subtle, and only clearly discernable for China (Figure 7) where the equal spectral weight results 
do not correspond spatially with the panchromatic band as well as the SRFB and image specific results. 
4.3.2. Quantitative Evaluation 
Table 3 summarizes for all of each study area the ERGAS, SAM and Q4 pansharpening 
evaluation metrics applied to the no-pansharpening cubic convolution resampled reflectance as a 
benchmark, and applied to the Brovey and context adaptive Gram Schmidt (CA-GS) pansharpened 
reflectance bands derived using the different spectral weights. The three evaluation metrics quantify 
in different ways the average amount of spectral and spatial distortion in the pansharpened red, 
green, blue and NIR bands. 
The Table 3 evaluation metric values shown in bold denote pansharpened results with less 
distortion than the no-pansharpening, cubic-convolution resampled results. As expected from the 
literature [18] the context adaptive Gram Schmidt (CA-GS) pansharpened results have lower 
distortion, as quantified by the ERGAS, SAM and Q4 measures, than the Brovey results for all the 
study areas. 
Considering the ERGAS spectral distortion metric, only the Brovey equal and SRFB spectral 
weight results have more spectral distortion than the benchmark cubic convolution resampled data. 
The spectral distortion quantified by SAM is the same for the Brovey and cubic convolution 
resampled results because the Brovey modulation coefficients are proportional to the resampled 
multi-spectral reflectance [23] and thus do not change the SAM (spectral angle) values. The context 
Figure 8. India illustrative 40 ˆ 40 (15 m) subset. Top row: 15 m TOA panchromatic refl ctance (a)
and 30 m true color (red, green and blue) TOA reflectan e cubi conv lution resampled to 15 m (b);
The following rows show 15 m true color B ovey ( eft column) and context adaptive Gramm-Schmidt
(right column) pansharpened reflectance respectively, derived using intensity images computed u ng
the equal (c,d); spectral response function based (SRFB) (e,f); and image specific spectral weights (g,h)
summarized in the Fi ure 5 caption.
The pansharpened results (Figures 6, 7 and 8c–h) show more spatial details than the corresponding
cubic convolution resampled true color images (b). The pansharpening spatial enhancement is
particularly apparent along roads and between crop fields, for example, between the small fields
in the China and India subsets (Figures 7 and 8). The distinct South Dakota square 1 ˆ 1 mile
road sections (Figure 6) are not quite parallel to the subset image sides, and portions of the road
sections are aliased in the cubic convolution resampled true color image while they are not aliased
in the pansharpened results. There is, however, no particularly obvious visual difference among the
illustrated Brovey and the context adaptive Gram Schmidt pansharpening results. The differences
between pansharpened results generated using equal, SRFB, and image specific spectral weights is
also subtle, and only clearly discernable for China (Figure 7) where the equal spectral weight results
do not correspond spatially with the panchromatic band as well as the SRFB and image specific results.
4.3.2. Quantitative Evaluation
Table 3 summarizes for all of each study area the ERGAS, SAM and Q4 pansharpening evaluation
metrics applied to the no-pansharpening cubic convolution resampled reflectance as a benchmark,
and applied to the Brovey and context adaptive Gram Schmidt (CA-GS) pansharpened reflectance
bands derived using the different spectral weights. The three evaluation metrics quantify in different
ways the average amount of spectral and spatial distortion in the pansharpened red, green, blue and
NIR bands.
The Table 3 evaluation metric values shown in bold denote pansharpened results with less
distortion than the no-pansharpening, cubic-convolution resampled results. As expected from the
literature [18] the context adaptive Gram Schmidt (CA-GS) pansharpened results have lower distortion,
as quantified by the ERGAS, SAM and Q4 measures, than the Brovey results for all the study areas.
Considering the ERGAS spectral distortion metric, only the Brovey equal and SRFB spectral
weight results have more spectral distortion than the benchmark cubic convolution resampled data.
The spectral distortion quantified by SAM is the same for the Brovey and cubic convolution resampled
results because the Brovey modulation coefficients are proportional to the resampled multi-spectral
reflectance [23] and thus do not change the SAM (spectral angle) values. The context adaptive Gram
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Schmidt (CA-GS) pansharpened data have generally less SAM spectral distortion than the benchmark
cubic convolution data. The Q4 metric quantifies the degree of spectral and spatial distortion (unlike
ERGAS and SAM, greater Q4 metric values indicate less distortion). All the CA-GS pansharpening
methods have less spectral and spatial distortion than the cubic convolution resampled data. All the
Brovey pansharpening methods have more spectral and spatial distortion than the cubic convolution
resampled data.
Table 3. Quantitative comparison of the Brovey and context adaptive Gram Schmidt (CA-GS)
pansharpening results for the South Dakota (Figure 3), China (Figure 4), and India (Figure 5) red,
green, blue and NIR 12 bit images. The ERGAS metric has a zero value when there is no spectral
distortion and increasingly positive value with greater distortion. The SAM metric has a zero value
when there is no spectral distortion and increasingly positive value with greater distortion. The Q4
index has a value of unity when there is no spatial and spectral distortion and smaller values down
to zero with increasing distortion. The evaluation values shown in bold indicate less distortion than
the cubic convolution resampled (no-pansharpening) results. The computational algorithm run time
(Section 3.4.4) is also shown.
Study Area Pansharpening Method ERGASValue
SAM
Value
Q4
Value
Algorithm
Run Time (s)
South Dakota
2734 ˆ 2532
30 m pixels
Cubic convolution (no pansharpening) 2.016 1.876 0.902 0.17
Brovey equal weights 2.669 1.876 0.806 0.76
Brovey SRFB weights 2.191 1.876 0.815 0.78
Brovey image specific weights 1.989 1.876 0.819 133.54
CA-GS equal weights 1.728 1.734 0.918 583.61
CA-GS SRFB weights 1.513 1.580 0.917 575.05
CA-GS image specific weights 1.491 1.602 0.916 719.93
China
2976 ˆ 2520
30 m pixels
Cubic convolution (no pansharpening) 1.741 1.731 0.843 0.16
Brovey equal weights 2.730 1.731 0.758 0.78
Brovey SRFB weights 1.800 1.731 0.763 0.77
Brovey image specific weights 1.686 1.731 0.764 142.75
CA-GS equal weights 1.735 1.786 0.876 621.75
CA-GS SRFB weights 1.372 1.491 0.876 614.83
CA-GS image specific weights 1.346 1.461 0.874 756.97
India
2970 ˆ 2470
30 m pixels
Cubic convolution (no pansharpening) 1.543 1.471 0.854 0.15
Brovey equal weights 2.021 1.471 0.740 0.78
Brovey SRFB weights 1.608 1.471 0.737 0.77
Brovey image specific weights 1.499 1.471 0.738 139.93
CA-GS equal weights 1.377 1.333 0.883 610.39
CA-GS SRFB weights 1.109 1.151 0.883 605.76
CA-GS image specific weights 1.093 1.156 0.881 747.57
In all cases (3 study areas and 3 evaluation metrics) the pansharpened results derived using
intensity images computed with equal spectral weights have the greatest distortion (or the same
distortion as the cubic convolution baseline for the SAM results). This illustrates the utility of
knowledge of the sensor spectral response function and the image specific approaches to appropriately
parameterize component substitution pansharpening methods. The pansharpened results derived
using intensity images computed using the SRFB and the image specific spectral weights are quite
comparable. In all cases (3 study areas and 3 metrics) the pansharpened results have less ERGAS
measured distortion when computed with the image specific rather than the SRFB spectral weights.
However, for the SAM and Q4 distortion measures there is no clear pattern between the SRFB and the
image specific spectral weight results.
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4.4. Computational Efficiency Evaluation
The benchmark cubic convolution resampling algorithm is computationally the most efficient,
with run times of less than 0.2 s for all three study area data sets. The Brovey and then the
context adaptive Gram Schmidt (CA-GS) pansharpening algorithm have longer run times respectively.
The CA-GS algorithm has the longest run times because of the local neighborhood covariance and
variance calculation Equation (9). As expected the run time differences between the equal and SRFB
spectral weights is negligible for either the Brovey or CA-GS pansharpening algorithms because the
spectral weights are fixed. Compared to the fixed spectral weights the run times for the image specific
algorithms are always longer. This is because the image specific algorithm requires two additional
operations (degradation of the panchromatic image and image band regression analyses). The Brovey
run times are about 200 times longer when image specific rather than fixed (equal and SRFB) spectral
weights are used. The CA-GS run times are about one third longer when image specific rather than
fixed spectral weights are used. The CA-GS image specific run times are more than five times longer
than the Brovey image specific run times.
The pansharpening algorithm computational efficiency becomes important when pansharpening
large Landsat image collections. For example, the annual global WELD Landsat data sets available
at (http://globalweld.cr.usgs.gov/collections/) were generated considering approximately 140,000
Landsat 5 and 7 images per year. The three test images considered in this study are approximately
one fourth the area of a Landsat image. Thus, the computational run time to pansharpen the typical
annual global WELD product input data using the Brovey SRFB weights (0.78 s per test image)
and the CA-GS SRFB weights (614.9 s per test image) methods would be about 5 and 3985 days
respectively. However, the implementation efficiency could be improved greatly by using more
efficient programming languages (e.g., compiled languages such as C), using Graphics Processing Unit
enhanced computing, and using parallel processing approaches [63].
5. Conclusions
The Landsat 8 satellite has a systematic global image acquisition strategy and precisely
coregistered 30 m red, green, blue, NIR and 15 m panchromatic bands [7,14,15]. This study assessed
computationally efficient component substitution (CS) pansharpening algorithms suitable for global
Landsat 8 data application. There are many algorithms documented in the literature [5,17,53]
but CS algorithms are considered to perform similarly to other more computationally expensive
algorithms [6,20,21]. CS algorithms first derive a single band intensity image as a weighted linear
combination of the multispectral band values. In this study the intensity image was derived using
spectral weights defined in three different ways (i) fixed equal spectral weights; (ii) fixed spectral
response function based (SRFB) spectral weights derived considering laboratory spectra and the
Landsat 8 OLI spectral response functions; and (iii) image specific spectral weights derived using
a regression between the multispectral and the degraded panchromatic band [24]. Despite the only
minor overlap of the Landsat 8 blue band with the panchromatic band, the SRFB spectral weights found
by regressing simulated panchromatic reflectance against simulated red, green and blue reflectance
were better fitted than using just simulated red and green reflectance. The novel method to derive the
SRFB spectral weights developed in this study for Landsat 8 OLI can be applied to other sensors if the
sensor spectral response functions are documented.
In the pansharpening community the tradeoff between minimization of spectral distortion and
maximization of spatial contrast is well recognized. In this study we focused on the development
and assessment of pansharpening approaches appropriate for scientific data use rather than for
visualization purposes. Therefore we placed more emphasis on quantitative evaluation (based on
spectral and spatial distortion of the pansharpened results compared to a reference image) than
qualitative visual analysis assessment. Two well established CS pansharpening algorithms, Brovey [23]
and context adaptive Gram Schmidt [18], were implemented and applied to three predominantly
agricultural cloud-free Landsat 8 OLI images. The degree of red, green, blue and NIR pansharpened
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spectral and spatial distortion was quantified using three established metrics. The context adaptive
Gram Schmidt pansharpened results had lower distortion than the Brovey results. The greatest
distortion was found when the intensity image was derived using equal spectral weights. Similar
levels of distortion were found using the SRFB and image specific spectral weights, with less distortion
provided by the image specific spectral weights as quantified by the ERGAS spectral measure.
The computational cost (run time) using the image specific weights compared to using the SRFB spectral
weights was found to be about 200 and one third times longer for the Brovey and context adaptive Gram
Schmidt algorithms respectively. There results indicate that for global Landsat 8 application the context
adaptive Gram Schmidt pansharpening algorithm derived using an intensity image defined using
the fixed the SRFB spectral weights (wred = 0.4030, wgreen = 0.5177, and wblue = 0.0802) is appropriate.
If computational efficiency is less important than the context adaptive Gram Schmidt pansharpening
algorithm derived using an intensity image defined with image specific weights may also be considered.
Large area application of Landsat 8 OLI pansharpening is computationally expensive as the 30 m data
must be resampled into registration with the 15 m panchromatic band grid. However, if large area
Landsat mosaics are generated, for example, as in [9], then this resampling can be undertaken as part
of the image to large area map reprojection process. Consequently, further research to demonstrate
and assess other advanced pansharpening algorithms using the three band spectral response function
based spectral weights, for large area Landsat 8 OLI pansharpened mosaic generation is recommended.
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